The aim of the present study was to investigate the role of intraperitoneal microdialysis (IPM) techniques in monitoring the evolution of postoperative critically ill patients requiring urgent laparotomy. Summary Background Data: Postoperative intraabdominal sepsis is associated with an important degree of morbidity and mortality in acutely ill patients. Early diagnosis is critical to improve outcomes. Methods: The study included 25 consecutive patients admitted to the intensive care unit (ICU) after urgent laparotomy. Measurements of microdialysate fluid were performed through a microdialysis catheter, positioned intraperitoneally, during the first 5 postoperative days and lactate/pyruvate (L/P) ratios calculated. Patients were followed until hospital discharge. Results: Ten patients had a complicated postoperative course, including 4 deaths (3 refractory shock, 1 mesenteric ischemia), 3 reinterventions (1 necrotic collection, 1 mesenteric ischemia, 1 biliary leak), 2 secondary peritonitis, and 1 intraabdominal collection. The IPM L/P ratio in these patients was already significantly higher during the first 24 postoperative hours compared with patients who had no complications (35 Ϯ 21 vs. 18 Ϯ 6, P Ͻ 0.01). An IPM L/P ratio above 22 on postoperative day 1 had a sensitivity of 0.64 and a specificity of 0.79 for complications. There were no significant differences between the two groups in pH, lactate, white blood cell count, or subcutaneous L/P ratio. No complication was associated with the technique. Conclusions: IPM is safe and reliable and provides valuable information after urgent laparotomy. Persistently high L/P values should raise the possibility of serious postoperative complications. (Ann Surg 2006;244: 994 -1002) 
P ersistence or recurrence of intraabdominal sepsis is a serious threat in the postoperative course of acutely ill patients requiring urgent laparotomy. The prognosis of such patients is quite uncertain, with mortality rates reaching more than 50% in some series, [1] [2] [3] and significant morbidity 2 associated with organ dysfunction. 4 Early diagnosis and timely surgical intervention are critical to improve outcomes, 5, 6 and the management of these patients after urgent laparotomy thus poses major diagnostic and therapeutic challenges for clinicians. The physical examination and laboratory findings lack diagnostic specificity and tend to become abnormal relatively late. 5 Advances in imaging techniques, including CT scan and echocardiographic studies, have been of great assistance but have not completely solved the problem, and their interpretation may be difficult in the early postoperative period with reported specificity as low as 33%. [7] [8] [9] In addition, the need for contrast agents 10 and the risks associated with the transport of such patients to the radiology department 11 cannot be neglected. Likewise, organ failure scores may reveal the complications only when distant organ damage has already occurred. 4 Since the consequences of relaparotomy may be serious, 12, 13 the development of new adjunctive monitoring techniques able to detect occult intraabdominal sepsis and predict postoperative complications would be of great value.
In vivo microdialysis is an emerging technique by which multiplicity of soluble molecules can be measured quantitatively from the interstitial space fluid. A semi-permeable membrane at the end of a small catheter, which is continuously perfused with a balanced solution, allows the molecules to diffuse from the interstitium into the perfusion medium. Using microvials, small samples can be collected for online analysis or stored for later analysis.
14 Recent advances in chemical detectors (requiring only a few microliters of fluid) and the miniaturization of probe size makes it possible that almost any anatomic structure can be assessed, eg, subcutaneous tissues, 15, 16 brain, 17, 18 liver, 19 heart, 20, 21 and muscle. 22, 23 Based on the work of DeLaurier et al, which suggested that analysis of peritoneal fluid may be a good marker of serious pathologic events, 24 researchers have seen a potential role for microdialysis to monitor gut perfusion. Indeed, some studies using laser Doppler techniques and microspheres have indicated that the serosal surfaces of the gut are more vulnerable to direct chemical and bacterial insults in experimental peritonitis and sepsis. 25, 26 Consequently, measurements near the serosa may be particularly sensitive at detecting occult dysoxia. Experimental data on intraperitoneal microdialysis (IPM) have suggested that early detection of intestinal ischemia is possible using the lactate/pyruvate (L/P) ratio. 27, 28 A small-scale clinical pilot study in humans obtained encouraging results and provided reassurance regarding safety. 29 The aim of the present study was to investigate the role of IPM in the assessment of gut dysoxia and the monitoring of postoperative critically ill patients requiring urgent laparotomy. We measured the IPM L/P ratio serially over time to assess whether these measurements could help to identify the development of intraabdominal complications in such patients.
PATIENTS AND METHODS
The study was approved by the ethical committee of the Erasme University Hospital. Detailed information about the study was provided to the patients or their relatives and informed written consent was obtained prior to surgery.
Patient Population
This prospective, observational study included 25 consecutive patients requiring urgent laparotomy, who were either already hospitalized in the intensive care unit (ICU) or for whom a postoperative ICU stay had been planned. The diagnosis of sepsis and septic shock was based on standard criteria. 30 All patients were managed using local guidelines and were followed daily by the ICU team and their surgeon. To avoid interference with diagnosis and treatment, the treating physician and surgeon were not aware of the IPM monitoring results.
Measurements
Demographic data, presence and nature of underlying diseases, and surgical diagnosis were collected on admission. Temperature, heart rate, mean arterial pressure, and respiratory rate were measured at baseline and daily after study inclusion. Arterial blood gases, hemoglobin saturation, hemoglobin and lactate concentrations (ABL700, Radiometer, Copenhagen, Denmark), and routine biochemistry tests were collected daily. The APACHE II score 31 was obtained on admission. The sequential organ failure assessment (SOFA) score 32 was calculated on days 1, 3, and 5. Postoperative complications were predefined and included death and refractory shock related to the abdominal condition, mesenteric ischemia, need for reintervention, secondary peritonitis, intraabdominal collection, and anastomotic leakage or fistula. Patients were classified by a physician not involved in their direct care and not aware of the IPM results. Patients were followed up until hospital discharge. When death occurred, an autopsy was conducted with family approval.
Microdialysis Measurements and Analysis
The principle of the microdialysis technique has been reviewed in detail elsewhere. 33 Briefly, a thin double-lumen catheter with a tubular semi-permeable membrane (cutoff of 20 kDa) is perfused with a balanced solution. The slow and constant rate of perfusion allows exchanges between the peritoneal fluid and the perfusion fluid. The dialysate (collected perfusion fluid) is finally retrieved in a microvial and analyzed online or frozen for later analysis. At the end of the surgical procedure, a microdialysis catheter with a 210-mm shaft and 30-mm membrane (CMA 62, CMA Microdialysis AB, Stockholm, Sweden) was positioned in the peritoneal cavity through a small incision in the abdominal wall, close to the intervention site (see Fig. 1 for catheter illustration). A control microdialysis catheter with a 20-mm shaft and 30-mm membrane (CMA 60, CMA Microdialysis AB) was inserted upon arrival in the ICU by direct puncture in the subcutaneous tissue of the anterior thoracic wall or the lateral part of the arm depending on the location of the surgical dressing. The catheter was secured to the skin to minimize the risk of unintentional withdrawal. A balanced fluid (Perfusion fluid T1, CMA Microdialysis AB, Na
Ϫ 156 mmol/L, pH 6.0) was infused at 0.3 L/min through the probe with a microinfusion pump (CMA 106 pump, CMA Microdialysis AB) and samples were continuously collected in microvials. On-line analyses were performed for lactate, pyruvate, glucose, and glycerol (CMA 600 analyzer, CMA Microdialysis AB) and L/P ratios were automatically calculated. The analyzer used enzyme reagents and colorimetric analysis with an analytical imprecision of Ͻ5% relative standard deviation. Measurements of microdialysate fluid via these two catheters were performed at a minimum rate of 6 times per day during the first 5 postoperative days. If the patient was discharged to the ward, measurements were obtained at least twice daily until removal of the surgical drains when the IPM catheter was also removed by gentle traction. For safety reasons, the insertion sites of each catheter were inspected daily. Redness, purulent discharge, and local pain, if present, were recorded.
Statistical Analysis
Data were analyzed using GraphPad Prism v.3 (GraphPad Software Inc, San Diego, CA) and StatView program (SAS Institute, Cary, NC). Descriptive statistics were computed for all study variables. To take into account the variability in the number of measurements obtained daily in each patient (between 6 and 24), the daily median values of IPM measurements were calculated in each patient. Analysis of the data was censored at 5 days, since most patients were no longer monitored after this time. After testing the distribution of the variables using a Kolmogorov-Smirnov normality test, parametric measures of comparison were used. Baseline characteristics between groups were assessed with a Student t test or 2 as indicated. For the IPM data, analysis of variance was used to assess differences between the two groups, when the F value was statistically significant; a modified t test with Bonferroni adjustment for multiple comparisons was applied. The predictive value on outcome for IPM and subcutaneous L/P ratios for the 5 days was calculated using a receiver operator characteristic (ROC) curve, and the area under the curve was computed. Unless specified otherwise, data are presented as mean Ϯ SD. A P value Ͻ0.05 was considered significant.
RESULTS
The 25 patients requiring urgent laparotomy included 15 men and 10 women (age range, 26 -82 years; mean age, 57 years). The study period extended from October 2003 to July 2004. Baseline characteristics and surgical diagnoses of the patients are presented in Table 1 .
Ten patients had a complicated postoperative course associated with their abdominal condition, including 4 deaths (3 with refractory shock, 1 with mesenteric ischemia), 3 reinterventions (1 necrotic collection, 1 mesenteric ischemia, 1 biliary leak), 2 secondary peritonitis, and 1 intraabdominal collection (Fig. 2) .
The other 15 patients had an uncomplicated postoperative course. Three patients died following withdrawal of life support from conditions judged to be independent of their abdominal evolution. Two patients died in a context of advanced multiple organ failure (severe respiratory failure, polyneuropathy, and renal failure requiring dialysis). Both had undergone a "second look" surgery, which showed no intestinal compromise and no recurrent abdominal source of sepsis. A third patient died with no sign of abdominal distress or sepsis in the context of postanoxic coma; all postoperative cultures were negative.
The IPM L/P ratio was already significantly lower during the first 24 hours following surgery in patients without complications compared with those with complications (18 Ϯ 6 vs. 35 Ϯ 21, P Ͻ 0.05). As shown in Figure 3 , the IPM L/P ratio was persistently higher in patients with complications than in those without during the whole observation period, although statistical significance decreased after day 4 because of the small number of patients. The subcutaneous L/P ratio could not distinguish patients with or without complications at any point in time (Fig. 3) . There was no significant difference between the two subcutaneous sites.
The analysis of the individual relationships showed that most patients without complications maintained a low IPM L/P ratio or showed a rapid decrease in their initial value over time (Fig. 4) . In the 5 patients who had potential peritoneal contamination prior to surgery, 3 had a IPM L/P ratio higher than 22 in the first 6 hours after surgery, but these values decreased rapidly and all had normal IPM L/P ratios already 18 hours after surgery. By day 2, no patient in the group without complications had an IPM L/P ratio above 25 and most were below 20 (Fig. 4) . One patient presented a significant increase in his IPM L/P ratio from 15 to 25 between day 4 and day 5 but at the same time also had an important increase in his subcutaneous L/P ratio from 9 to 17 related to a new episode of septic shock attributed to an infected central venous catheter. A CT scan of the abdomen was normal and the patient rapidly improved after removal of the suspected catheter. No other patients present such complication.
The daily evolution of the IPM L/P ratio in the patients with complications was considerably different with most of the values exceeding 20 (Fig. 4) . Notably, 1 patient with a rather low IPM L/P ratio of 13 had to undergo further surgery on day 2. She was asymptomatic, but one of the drains left in during the surgery was tinted with bilious secretions and a small intestinal perforation, not noticed during the initial procedure, was discovered at reintervention. After suture of this small perforation, the evolution was rapidly favorable and the patient was discharged from the ICU 2 days later. The IPM lactate level was elevated in both groups during the study period, but only the patients with complications had an associated increase in L/P ratio. Glycerol levels were extremely variable in both groups and not predictive of patient evolution. There were no significant differences between the two groups in pH, lactate, white blood cell count, or IPM level of glucose and pyruvate (Table 2) .
ROC curve analysis showed that the IPM L/P ratio from day 1 to day 5 after ICU admission was a good predictor of complications in the postoperative course (area under the curve: day 1: 0.84 ͓95% confidence interval: 0.68 -1.0͔; day 2: 0.72 ͓0.50 -0.92͔ day 3: 0.74 ͓0.50 -0.97͔; day 4: 0.83 ͓0.62-1.0͔; day 5: 0.91 ͓0.73-1.0͔). Figure 5 shows the ROC curve for IPM and subcutaneous L/P ratios on day 1. An IPM L/P ratio above 22 on postoperative day 1 (best cutoff) had a sensitivity of 0.64 for complications, a specificity of 0.79, a positive likelihood ratio of 3, a negative likelihood ratio of 0.46, and a percentage of correct classification of 0.70. A cutoff IPM L/P ratio of 22 on day 1 would yield a positive predictive value of 64% and a negative predictive value of 79%. Importantly, not all the patients with complications needed surgical reintervention. Indeed, 2 had their complications managed medically; 1 patient with an abdominal collection was managed with antibiotic adjustment and the other with a biliary leakage was managed by percutaneous drainage. Notably, in the complicated group, there were no statistical differences in the IPM L/P ratio between the patients who underwent a reintervention and the patients who did not (data not shown).
There were no complications associated with the use of the technique.
DISCUSSION
The present study indicates that IPM techniques can help to identify early those critically ill patients who develop complications after urgent laparotomy. Importantly, discrimination between patients who developed complications and those who did not was already feasible on the first postoperative day with the measurement of IPM L/P ratios, but not with other variables. However, since the development of postoperative complications is a progressive process, it is impossible to tag the exact time point at which the compli- Data are mean Ϯ SD unless otherwise specified. P value not significant for all the variables. APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; HR, heart rate; MAP, mean arterial pressure; RR, respiratory rate; Hb, hemoglobin concentration; ICU, intensive care unit.
FIGURE 2. Study groups. MOF, multiple organ failure.
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Intraperitoneal Microdialysis cation occurred. Accordingly, IPM monitoring should be regarded as both a predictive and an early diagnostic tool. The early identification of postoperative complications is often difficult, since most indexes currently in use are nonspecific. Indeed, in our study, pH, white blood cell count, and blood lactate concentrations were not predictive. Systemic lactate might not be a good marker of ischemia given that an increase in lactate can result from ischemia but also from hypermetabolism. 27 In addition, since the hepatic lactate uptake increases in response to hepatic lactate influx, systemic arterial hyperlactatemia can be considered a late sign of intestinal ischemia. 34 In the course of inflammatory processes without hypoxia, as glycolytic pathways are overactivated, 35, 36 lactate and pyruvate increase in parallel and the 
Intraperitoneal Microdialysis L/P ratio remains normal. On the contrary, in ischemic conditions, the impaired oxygen delivery and the ensuing altered redox state within the cells mean that pyruvate is preferentially converted to lactate resulting in an elevation of this ratio. 37 An increased L/P ratio is a recognized marker of cellular hypoxia, with ratios higher than 15:1 suggesting that oxygen delivery is inadequate to meet metabolic demands. 38 It is interesting to note that in our study the intraperitoneal lactate level on day 1 was significantly elevated in both groups, but the L/P ratio only in the group with complications. This suggests that patients without complications did have some inflammation in the peritoneal cavity postoperatively but that this was not associated with an imbalance in oxygen supply and demand. Interestingly, patients with uncomplicated peritonitis also had somewhat elevated IPM L/P ratio on admission in the ICU, but these rapidly improved over the following hours.
Our data suggest that the monitoring of IPM L/P ratios with an intraabdominal microdialysis probe implanted after laparotomy can indicate early pathophysiologic disorders of the gastrointestinal tract and help in the early identification of postoperative complications. These findings are in line with those of DeLaurier et al, 24 suggesting that the calculated difference between intraperitoneal and arterial lactate levels is a good marker of the seriousness of pathologic events such as peritonitis, intraabdominal abscess, and intestinal ischemia. Our observations support the preliminary results of Jansson et al, 29 showing that IPM can be performed safely and can provide valuable information in postoperative monitoring. In a subset of 8 non-ICU patients who underwent right-sided hemicolectomy, these authors showed a normal evolution of IPM variables in patients with an uneventful postoperative course. Interestingly, in a further study, Jansson et al 39 also demonstrated that a decrease in IPM L/P ratios postoperatively was correlated with a concomitant decrease in intraperitoneal tumor necrosis factor (TNF)-␣, suggesting that IPM techniques can help monitor the peritoneal inflammatory response. The opposite was found in patients with clinical deterioration, where significant changes in the composition of the intraperitoneal fluid, eg, increases in the IPM L/P ratio and TNF-␣, were found. 39 Why is the IPM L/P ratio increased in patients with a complicated course? Obviously, it did not identify very ill, underperfused, patients. The elevated L/P ratio was specific to the splanchnic region, as subcutaneous L/P ratio and other indices of systemic hypoperfusion were not able to identify patients prone to develop complications. Given that the IPM catheter is in close vicinity to the intestine, it is likely that IPM detects occult splanchnic ischemia resulting from different postoperative insults. However, since we were using a single intraperitoneal catheter, we were unable to identify the specific part of the splanchnic region responsible for the lactate release. Thus, whether the ischemic process was confined to the intestinal serosal surface or extended to the whole wall thickness, or also involved the parietal and visceral peritoneum is impossible to define. Indeed, monitoring of the L/P ratio can detect early intestinal ischemia in the intestinal lumen 40 as well as in the intestinal wall. 41 More recently, other groups of investigators have also demonstrated the ability of IPM to detect and monitor chemical changes related to splanchnic ischemia. 30, 31 In our patients, the specific causes and sites of splanchnic ischemia were likely multiple. In some patients, the ischemia may result from a decreased mesenteric blood flow (nonocclusive bowel ischemia and necrosis) or a direct chemical insult (eg, biliary leak). In others, it may result from hypoxic zones associated with sepsis-related alterations in regional blood flow. 42 Animal data suggest that blood flow within the intestinal wall is redistributed from the muscle layer to the mucosa in experimental sepsis. 26, 43 Similarly, gastric intramucosal PCO 2 is often elevated in patients with severe sepsis and has been associated with a poor outcome. 44, 45 In addition to lactate, pyruvate and glucose levels, which reflect energy metabolism, other markers can be monitored with the microdialysis technique. Glycerol level has been suggested to be a sensitive marker of cell damage reflecting degradation of the glycerophospholipids of the cellular membrane. 46 However, we did not find any clear relation in our study between the IPM glycerol level and patient evolution. Most studies on the predictive role of glycerol have been performed in the brain. Since the brain does not contain any triglycerides, a high level of intracerebral glycerol can be considered a reliable indicator of cellular membrane damage. The same is not true for the peritoneum and the subcutaneous tissues where glycerol levels are mainly associated with the degradation of triglycerides. As lipolysis is under sympathetic control, the level of glycerol found in the peritoneum of ICU patients can be influenced by a myriad of factors and the resulting background noise can prevent the detection of cellular membrane damage. Indeed, glycerol levels have been proposed to be an indicator of physical and mental stress. 47 In addition, another confounder can be the use of exogenous sources of triglycerides. Most of our patients were receiving propofol (52%) and/or parenteral nutrition containing triglycerides (60%); consequently, glycerol levels might have been influenced. Other compounds such as cytokines and antimicrobial drugs can be measured using IPM, and this could provide novel insights into their intraperitoneal kinetics. Jansson et al have shown that intraperitoneal cytokine levels can be much more sensitive than plasma values in reflecting postoperative inflammatory reactions. 48 Our study has some important limitations. First, we did not have a systematic postoperative diagnostic strategy including mandatory CT scan or surgical re-exploration at specific time points. However, we wanted our study to mimic current clinical practice without influencing it. Patients were followed throughout the remainder of their hospital course to identify all clinically relevant complications. Second, our sample size can be considered small and since some patients died during the course of study, some statistical power was lost. Third, several patients received Ringer's lactate as part of the fluid resuscitation. It is very unlikely that these fluids influenced our results, as both groups received the same type of fluids and, more importantly, subcutaneous L/P ratios were not influenced by the fluids administered.
Forty percent of the patients in our study had abdominal surgical drains placed during their initial surgery. However, it is very unlikely that the presence of a drain influenced our findings significantly. Jansson et al observed that IPM L/P ratio were normal in patients with uncomplicated evolution, even though all these patients were equipped with drains. 48 In addition, there are no data suggesting that the presence of drains influences the rate of complications. Indeed, many studies have demonstrated similar complication rates in patients who received prophylactic abdominal drainage following abdominal surgery versus those who did not. 49 -51 Regarding the potential concern that our results could have been significantly influenced by the 2 patients who complicated with mesenteric ischemia, it is interesting to denote that those patients did not present extremely elevated IPM L/P ratios (day 1, 21 and 25; day 2, 17 and 19; day 3, 14 and 14; day 4, 28 and 13) when compared with the average of the other complicated patients (day 1, 40; day 2, 43; day 3, 45; day 4, 46; n ϭ 8). Although we should be very careful not to draw conclusions from only 2 patients, one hypothesis could be that complete gut necrosis does not produce lactate anymore as dead cells become metabolically inactive.
Despite the limitations, our findings have major clinical implications, in view of the fact that a prompt and appropriate re-exploration for suspected abdominal sepsis is associated with a reduction in the frequency of development of organ failure. 5, 6 In addition, the observation of a low IPM L/P ratio in the postoperative period is reassuring and may prevent unnecessary relaparotomy, 12, 13 prompting the search of an extra-abdominal source of sepsis in case of persistent or new sepsis episode. A low IPM L/P ratio may also help to allow safer and earlier discharge of the patient to the ward. We would be hesitant to make any specific recommendations on patient management at this stage and can only propose using an IPM L/P ratio above 22 on day 1 as an alarm signal, raising suspicion of an impending complication that should be promptly identified, whereas a low L/P ratio is reassuring. Trends in values should also be considered, as increasing IPM L/P ratios suggest ongoing complications and decreasing values suggest a resolving problem. Importantly, an increase in the IPM L/P ratio, although indicating a potentially serious intraabdominal problem, is not an absolute indicator for reintervention but mandate a comprehensive reevaluation of the patient condition even if the other parameters seem silent. In our study, 2 patients responded well to medical management alone.
CONCLUSION
IPM is a safe and reliable technique that can provide valuable information after urgent laparotomy. Low IPM L/P ratios are reassuring, whereas persistently high L/P ratios should raise the possibility of serious abdominal compromise and help identify postoperative complications early. Further studies should evaluate whether IPM monitoring may improve outcome.
